1. Introduction {#sec1}
===============

Global warming caused by CO~2~ emissions has drawn the attention of the scientific community.^[@ref1],[@ref2]^ Appropriate efforts have been made to eliminate CO~2~ from flue gases emitted by power plants, particularly those based on fossil fuel combustion, as they are the primary sources of CO~2~ emissions.^[@ref3]−[@ref5]^ The calcium looping (CaL), which applies cyclic carbonation and calcination reactions of a calcium-based sorbent, is one of the potential methods for CO~2~ capture technology.^[@ref6]^ In this process, the CaO-based sorbent is a carrier of CO~2,~ circulating between two different reactors, namely, a carbonizer and a decomposition furnace, which can utilize the reversible gas--solid reaction between CaO and CO~2~ at high temperatures.^[@ref7]^ The specific process of calcium looping cycle is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The technology has the advantages of both chemical sorption and physical sorption methods. It not only has a high CO~2~ sorption rate and good sorption capacity but also avoids the sorption rate reduction and equipment corrosion problems caused by improper operation. However, a serious disadvantage of the calcium looping technology is that the CO~2~ capture capacity of the CaO-based sorbent decreased rapidly with the increase of cycle times.^[@ref8]^ The sintering on the surface of the sorbent^[@ref9]^ destroyed the specific surface area and the pore structure of the sorbent, which greatly reduced the capture efficiency of CO~2~ and even led to the deactivation of the sorbent. This leads to the inability of the sorbent to achieve stable and efficient cyclic carbonation/calcination reactions.^[@ref10]−[@ref12]^ This could increase the total cost of the CO~2~ capture system because even if the sorption efficiency of the sorbent is high, a new sorbent needs to be added to maintain the normal CO~2~ capture efficiency. Therefore, mitigating the sintering and increasing the activity of CaO-based sorbents are the key points to settle a dispute about the CO~2~ capture capacity.

![Schematic diagram of the calcium looping cycle technology flow.](ao0c00219_0001){#fig1}

To improve the CO~2~ capture capacity of calcium-based sorbents after the long-term calcium looping processes, a large number of methods of preparation have been advanced, such as hydration with water or steam,^[@ref13]−[@ref16]^ acid pretreatment,^[@ref17]^ high-intensity acoustic pulse,^[@ref18]^ employing organic-carbon templates during sorbent preparation,^[@ref19]−[@ref24]^ a novel one-step graphite moulding pelletization method,^[@ref25]^ introducing refractory supports into the CaO matrix,^[@ref26]−[@ref32]^ and so on.^[@ref33]−[@ref45]^

As an economical and effective method to modify CaO-based sorbents, doping has been regarded as one of the most promising research directions. Unfortunately, early research showed that the modification effect of CaCO~3~ doped with an alkali metal was not very satisfactory.^[@ref46],[@ref47]^ Zhao et al.^[@ref48]^ synthesized Zr-modified CaO-based sorbents in different proportions by a wet chemical method and found that for 10% CaZrO~3~/90% CaO sorbent, the sorption capacity first increased from 0.31 g CO~2~/g sorbent to 0.37 g CO~2~/g sorbent in the first 10 cycles, and the 20 cycles after that remained stable at 0.37 g CO~2~/g sorbent. Manovic et al.^[@ref49]^ prepared modified calcium-based sorbents by granulating cement and bentonite containing aluminum and found that the low melting point calcium-silica compounds made the sorbents more deactivated under the conditions of carbonization at 850 °C in 100% CO~2~ and calcination at 850 °C in 100% N~2~. Wang et al.^[@ref50]^ found that doping Na on CaO could enhance the sorption of sorbents using the density functional theory (DFT) method, but it had not been verified by experiments. In our previous study,^[@ref51]^ it was found that pure CaO doped with NaBr could significantly improve the sorption of CO~2~. NaBr doping could sharply increase the macropore volume of CaO after multiple cyclic reactions, thus enhancing its stability. Inspired by this work, we were interested in determining whether this principle could be extended to other different types of calcium-based sorbents and whether NaBr still has the effect of enhancing the carbon capture capacity of the sorbent in the presence of SO~2~.

To fully verify the modification effect of NaBr on different types of sorbents, three different types of calcium-based precursors such as CaCO~3~, dolomite, and sol--gel calcium-based materials were selected as raw materials, and they were modified by doping with NaBr to obtain the required CaO/NaBr, dolomite/NaBr, SG-CaO/NaBr three modified calcium-based sorbents, respectively. Then, we compared the CO~2~ capture performance of different sorbents in a conventional thermogravimetric analyzer (TGA), and an X-ray diffraction (XRD) analyzer, specific surface area, and pore size analyzer (Brunauer--Emmett--Teller, BET), and scanning electron microscope (SEM) were used to analyze the effect of NaBr modification on the crystal structure, pore size distribution, specific surface area, and surface morphology of the calcium-based sorbents. Finally, the CO~2~ capture capacity of different kinds of sorbents in the presence of SO~2~ was also analyzed.

2. Experimental Section {#sec2}
=======================

2.1. Sorbent Preparation {#sec2.1}
------------------------

Pure CaCO~3~, citric acid, calcium nitrate tetrahydrate (Ca(NO~3~)~2~·4H~2~O), and NaBr were analytical grade reagents purchased from Sinopharm Chemical Reagent Co., Ltd., P. R. China. Dolomite was purchased from Shijiazhuang, Hebei Province. The calcium-based sorbent prepared by doping NaBr into CaO (obtained by high-temperature calcination of pure CaCO~3~) was recorded as CaO/NaBr, the sorbent prepared by doping NaBr into dolomite was recorded as dolomite/NaBr, and the calcium-based sorbent prepared by the sol--gel method doped with NaBr was recorded as SG-CaO/NaBr. The hydration--impregnation method was adopted in the preparation of the modified sorbent, which was the same as our previous study.^[@ref51]^ The preparation process was as follows: 10 g of dolomite was weighed out and was calcined at 850 °C for 120 min in a muffle furnace. Fifty milliliters of a NaBr salt solution, which contained 0.5 g of NaBr was utilized to dissolve the calcined product. The milk-like mixture was subsequently put into the magnetic stirrer at 80 °C for 80 min. Through the previous step, a mud-like mixture was obtained and was then sealed and dried at 100 °C for about 2 days. Finally, the dried samples were fully ground with a mortar and sieved with an aperture of 0.2 or 0.3 mm to separate experimental particles.

The preparation of SG-CaO doped with NaBr ( SG-CaO/NaBr) was based on the sol--gel method of our previous study.^[@ref52]^ We used an electronic balance to weigh a certain mass of analytical reagent-grade citric acid and calcium nitrate, which kept a molar ratio of 1:1 (citric acid to calcium ions). These chemicals were then added to 50 mL of a NaBr salt solution, which contained 0.5 g of NaBr. By adding deionized water, we could keep the mole ratio of a calcium ion to hydrate at 40:1. Then, the mixture was put into the magnetic stirrer and stirred continuously for 9 h at a temperature of 80 °C to form a translucent sol. After this step, the sol was sealed and stored in a container at room temperature for 18 h, thus forming the wet gelatin. There were two steps to get the dry gelatin, the first step was to place the wet gelatin in a drying oven at 80 °C for 5 h, and the second step was to dry it at 110 °C for 12 h. In the final step, the dried gelatin was carefully placed into a muffle furnace at a temperature of 800 °C for 0.5 h, and then, the sample was fully ground with a mortar and sieved with an aperture of 0.2 or 0.3 mm to separate experimental particles. All sorbents were modified with 50 mL of a 1% NaBr salt solution.

All samples were calcined in a fixed bed with a high purity nitrogen atmosphere at a temperature of 800 °C for 30 min before the carbonation--calcination experiment to ensure complete calcination of the sample.

2.2. Sorbent Characterization {#sec2.2}
-----------------------------

The phase compositions of several different calcined sorbents were detected by an X-ray diffraction (XRD, PANalytical B.V.) analyzer with a 2θ range of 20--70°. The surface area and pore structure parameters of the different calcined samples were analyzed with the Brunauer--Emmett--Teller analyzer (BET, ASAP 2020). The microstructures of the different calcined samples were observed using field-emission scanning electron microscopy (SEM, Nova Nano SEM 450).

The CO~2~ capture of the different kinds of sorbents was examined by a thermogravimetric analyzer. Approximately 5 mg of the sample was used in each experiment. To effectively reduce the diffusion resistance generated between different particles of the sorbent, the sample was placed on the bottom surface of the crucible to form a thin layer with a uniform thickness. Before the calcium looping experiments, the thermogravimetric analyzer was set to heat up to 850 °C at a rate of 20 °C/min, and the sorbents were kept at 850 °C for 10 min under a N~2~ flow (high purity, 99.999%) of 100 mL/min to ensure complete calcination of the sorbents. Fifty cycle calcination--carbonation reaction repeated tests were conducted continuously under the alternating of atmospheres: 100% CO~2~ for carbonation reactions and 100% N~2~ for calcination reactions. Carbonation time and calcination time were both 5 min. The specific operating conditions of thermogravimetric experiments are shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Carbonation--Calcination Reaction Conditions

  condition                                   parameter
  ------------------------------------------- -------------------
  calcination atmosphere                      N~2~
  carbonation atmosphere                      CO~2~
  heating rate and reaction temperature       20 °C/min, 850 °C
  calcination duration/carbonation duration   5 min/5 min

It is worth noting that the calcination atmosphere in practical applications is generally O~2~/CO~2~. However, a higher calcination temperature is required to decompose CaCO~3~ due to the higher partial pressure of CO~2~. Therefore, nitrogen as an inert gas was used as the calcination atmosphere in the experiment. At this time, the required calcination temperature was relatively low, and the conditions were milder to facilitate the experimental operation. Besides, due to the limitation of experimental conditions and better study of the effect of NaBr on the modification of different kinds of sorbents, the carbonation temperature in the experiment was milder than the traditional one (850--950 °C) but the carbonate condition was much severe than the traditional one (650--700 °C).

The whole experiments were carried out under atmospheric pressure (101.325 kPa), and the calculation formula of the *N*th cycle CO~2~ capture capacity and cumulative capture capacity of the sorbent are, respectively, as follows*C*~*N*~ in the formula represents the CO~2~ capture capacity after the *N*th cycle calcination--carbonation, *m*~*N*~ represents the mass of the calcium-based sorbent after the *N*th cycle carbonation--calcination, *m*~0~ is the mass of the calcium-based sorbent after initial full calcination, and *C* is the cumulative CO~2~ capture capacity in the *N*-cycle reaction.

3. Results and Discussion {#sec3}
=========================

3.1. X-Ray Diffraction Analysis {#sec3.1}
-------------------------------

The XRD patterns of CaO/NaBr, dolomite, dolomite/NaBr, SG-CaO, and SG- CaO/NaBr are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. As we could see from the figure, the characteristic peak of CaO lied at 38 and 54°, the main phase of CaO/NaBr, SG-CaO, and SG-CaO/NaBr was CaO, and the main phases of dolomite and dolomite/NaBr were MgO and CaO. Because the mass ratio of NaBr in the modified sorbent was very little, it was difficult to be detected by XRD. It should be noted that the peaks of XRD patterns of SG-CaO/NaBr and dolomite/NaBr were higher than those of SG-CaO and dolomite, respectively. It indicated that sodium doping affected the crystallinity of CaO obviously.

![XRD patterns of SG-CaO, dolomite, CaO/NaBr, dolomite/NaBr, and SG- CaO/NaBr after calcination under N~2~ atmosphere (▽, CaO; □, MgO).](ao0c00219_0006){#fig2}

3.2. CO~2~ Capture Cycle Performance {#sec3.2}
------------------------------------

The modified and unmodified sorbents carried out 50 cycles of a carbonation--calcination reaction in TGA to compare the CO~2~ cycle capture capacity of the different sorbents. As can be seen from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, for pure CaCO~3~ and its NaBr-modified sorbent (CaO/NaBr), the CO~2~ capture capacity of pure CaCO~3~ had a fast descent speed with the number of cycles increased: during the 50 cycles, the CO~2~ capture capacity decreased from 0.56 g CO~2~/g sorbent of the first carbonation reaction to 0.06 g CO~2~/g sorbent of the 50~th~ carbonation reaction. The CO~2~ capture capacity of CaO/NaBr remained relatively stable during the long-term calcium looping processes: 0.45 g CO~2~/g sorbent and 0.22 g CO~2~/g sorbent during the first and the 50th cycle, respectively. It was worth noting that as the number of cycles increased, the CO~2~ capture capacity loss rate of CaO/NaBr was much lower than that of pure CaCO~3~.

![CO~2~ capture cycle performance of different kinds of calcium-based sorbents.](ao0c00219_0007){#fig3}

For dolomite and its NaBr-modified sorbent (dolomite/NaBr), during the 50 cycles, the CO~2~ capture capacity of the dolomite decreased from 0.41 g CO~2~/g sorbent of the first carbonation reaction to 0.19 g CO~2~/g sorbent of the 50th carbonation reaction. The CO~2~ capture capacity of dolomite decreased rapidly during the previous cycles. According to previous studies, the inert component MgO in calcined dolomite could be used as a skeleton for CaO, thus reducing the sintering of CaO in dolomite.^[@ref53]^ But the CO~2~ capture capacity of the dolomite/NaBr remained quite stable during the long-term calcium looping processes: the CO~2~ capture capacity after the first cycle and the CO~2~ capture capacity after the 50th cycle were 0.26 g CO~2~/g sorbent and 0.24 g CO~2~/g sorbent, respectively, only 0.02 g CO~2~/g sorbent was decreased.

For pure SG-CaO and its NaBr-modified sorbent (SG-CaO/NaBr), different phenomena have happened, it was found that the CO~2~ capture cycle performance of SG-CaO was better than that of SG-CaO/NaBr. During the 50 cycles, the CO~2~ capture capacity of SG-CaO/NaBr decreased from 0.6 g CO~2~/g sorbent after the first carbonation reaction to 0.35 g CO~2~/g sorbent of the 50th carbonation reaction. However, the CO~2~ capture capacity of pure SG-CaO decreased from 0.78 g CO~2~/g sorbent after the first carbonation reaction to 0.45 g CO~2~/g sorbent of the 50th carbonation reaction. The doping of NaBr failed to slow down the decay rate of the CO~2~ capture capacity of the sorbent in the multicyclic reactions. Moreover, the sorption capacity of SG-CaO/NaBr in the several initial cycles was significantly lower than that of pure SG-CaO. Therefore, the cumulative CO~2~ capture capacity of SG-CaO/NaBr in the whole cycle reactions was lower than that of pure SG-CaO.

The cumulative CO~2~ capture capacities of several calcium-based sorbents in 50 cycles are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. The cumulative CO~2~ capture capacity of CaO/NaBr was over one time higher than that of pure CaO. This means that due to the doping of NaBr, the CO~2~ cycle performance of CaO/NaBr has been significantly improved. As for dolomite, the cumulative CO~2~ capture capacity of dolomite/NaBr was 0.82 g CO~2~ g^--1^ sorbent more than that of dolomite. Because the calcination product of dolomite contained antisintering material MgO, the modification effect of NaBr on dolomite was not as significant as that on CaCO~3~. But NaBr could still enhance the CO~2~ capture performance of dolomite in the long-term calcium looping processes. In general, NaBr-modified CaCO~3~ and its modified dolomite showed an improvement in CO~2~ capture stability during the long-term calcium looping processes. As the number of cycles increased, the decline rate of CO~2~ capture cycle performance of the CaO/NaBr and dolomite/NaBr was much slower than that of pure CaCO~3~ and dolomite. However, it also should be noticed that in the initial few cycles, all of the three kinds of NaBr-modified sorbents showed a decrease in the CO~2~ capture capacity. According to the previous researches,^[@ref54]^ the low melting temperature of the alkali metal salt could accelerate the sintering of the calcium-based sorbent during the initial high-temperature cycles. From the perspective of long-term accumulative CO~2~ capture capacity, however, the evaporation and sublimation of alkali metal salts could stimulate the formation of a large number of macroporous structures on the surface of a calcium-based sorbent, which stabilized the CO~2~ capture capacity of the sorbent during the long-term calcium looping processes.

![Cumulative CO~2~ capture capacities of different sorbents in 50 cycles.](ao0c00219_0008){#fig4}

Nevertheless, NaBr is not always positive for different kinds of calcium-based sorbents. The doping of NaBr decreased the cumulative CO~2~ capture capacity of SG-CaO by about 20% during 50 cycles. It was reported that the calcium-based sorbent synthesized by the sol--gel method consisted of fluffy quasi-nanoscale powders,^[@ref55]^ and the sintering process can be provoked in the initial cycles with the doping of the alkali metal salt. As a result, the decay rate of the CO~2~ capture capacity of the sorbent in the cyclic reactions could not be slowed down. Moreover, because of the quasi-nanoscale fluffy structure of the sorbent, the sublimation of the alkali metal salt failed to form a stable macroporous structure between the crystal grains in the sorbent. Therefore, NaBr doping did not show a positive effect on the calcium-based sorbent synthesized by the sol--gel method. The following research further investigated the effect of NaBr doping on the microstructure of three different kinds of sorbents.

3.3. Characteristics of Sorbents {#sec3.3}
--------------------------------

The pore size distributions of several sorbents after different cycles of calcination and carbonization reactions are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![Pore size distribution of sorbents after different cycles: (a) CaCO~3~ precursor, (b) CaO/NaBr, (c) dolomite, (d) dolomite/NaBr, (e) SG-CaO, and (f) SG-CaO/NaBr.](ao0c00219_0009){#fig5}

For pure CaCO~3~ ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), after the initial calcination, the first peak of the pore size distribution appeared in the range of 2--4 nm in diameter, and the second peak concentrated at 50 nm in diameter, indicating that the sorbent had small pores and mesopores at this time. With the increase of cycles, the peak value of the pore size distribution curve decreased, even no longer presented a bimodal structure, and the number of sorbent pores decreased. The CaO/NaBr sorbent had a relatively large number of small pores during the first few cycles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). At this time, the sorbent mainly relied on small pores for CO~2~ capture. The pore size distribution of the sorbent after 50 cycles showed a bimodal structure. Compared with pure CaCO~3~, the pores of the macropores of the CaO/NaBr were relatively abundant, and therefore showed higher CO~2~ capture capacity in the long-term calcium looping processes.

It can be seen from the pore size distribution diagram of dolomite ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c) that after the initial calcination, the number of mesopores of the sorbent was relatively rich, but with the increase of cycles, the number of small pores and mesopores decreased due to the sintering of the sorbent. The dolomite/NaBr sorbent had an obvious small pore structure after the initial calcination ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d). After 20 cycles, the dolomite/NaBr sorbent showed an obvious bimodal structure, mesopores and macropores were significantly more abundant than dolomite, indicating that the pore blockage of dolomite/NaBr sorbent was not obvious in the long-term calcium looping processes, and it has stronger sintering resistance than dolomite.

The calcium-based sorbent prepared by the sol--gel method still had a certain number of small pores and mesopores after 20 cycles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e). The pore size distribution curve showed a distinct bimodal structure; the first peak was in the range of 3--4 nm in diameter and the second peak was in the range of 30--50 nm in diameter. The pore size distribution of the SG-CaO/NaBr sorbent exhibited a single-peak structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f), the position of the peak was in the range of about 3--4 nm in diameter, and the number of mesopores was small, and the capture of CO~2~ mainly depended on the mesopores of the sorbent, which also caused the circulating CO~2~ capture capacity of SG-CaO/NaBr to be lower than that of SG-CaO.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows the specific surface areas of the different calcium-based sorbents after 50 cycles. From the figure, it could be clearly seen that the specific surface area of CaO/NaBr sorbent was slightly higher than that of pure CaCO~3~ (CaO). For the dolomite/NaBr, it still retained a high specific surface area after 50 cycles, and its specific surface area was as high as 17.2 m^2^/g, which was close to twice the specific surface area of dolomite. This indicates that the doping of NaBr could increase the specific surface areas of the calcium-based sorbents, thereby further improving the stability of CO~2~ capture performance of the calcium-based sorbents. Nevertheless, after 50 cycles, the specific surface area of SG-CaO/NaBr was much lower than that of SG-CaO, which could also explain the lower CO~2~ capture capacity ratio of SG-CaO/NaBr.

![Specific surface areas of different calcium-based sorbents after 50 cycles.](ao0c00219_0010){#fig6}

As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the sorption isotherm of CaO was a typical type II sorption isotherm, N~2~ had multiple layers of sorption on its surface, indicating that these sorbents had abundant mesopores (2--50 nm). From the isotherm diagram of sorption and desorption of different kinds of the sorbents, it can be seen that for pure CaO, dolomite and their modified sorbents, when the relative pressure *P*/*P*~0~ was close to 1, the sorption amount of N~2~ increased sharply, and a sudden capillary condensation phenomenon occurred, forming a steep sorption branch, which formed a steep at the higher *P*/*P*~0~ during desorption. The sorbent with such hysteresis loop composed of sorption/desorption isotherms tended to have slit-like and plate-like capillary pores, which were not parallel walls. However, the SG-CaO/NaBr curve after 50 cycles raised sharply on the N~2~ sorption when the relative pressure *P*/*P*~0~ was close to 0.8, and a sudden capillary condensation occurred, forming a steep sorption branch. This may be due to an alkali metal could easily destroy the nanosized (i.e., SG-CaO) structure, resulting in the unstable sorption and desorption of the sorbent after multiple cycles, which was consistent with the low cyclic performance of SG-CaO/NaBr.

![Isotherm sorption/desorption behavior of sorbents after 50 cycles.](ao0c00219_0011){#fig7}

The SEM images of calcined CaO/NaBr after 20 and 50 cycles are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} (all of the SEM images in this paper have a magnification of 20 000 times). It can be seen from [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a that the CaO/NaBr sorbent after 20 cycles had a porous structure, which was favorable to the gas--solid reaction. It can be clearly seen that there were many macropores in the sorbent. Although the pores were blocked by CaCO~3~, CO~2~ could still react with CaO through macropores. At this stage, the CO~2~ capture capacity of CaO/NaBr could achieve over 0.3 g CO~2~/g sorbent. After 50 cycles, most of the crystalline CaO/NaBr experienced severe sintering, but some of the macropores in the sorbent remained (as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b). The results were consistent with our previous study,^[@ref41]^ indicating that the doping of NaBr contributed to the immobilization of macropores in pure CaCO~3~ sorbents, thus improving the stability of the CO~2~ capture cycle performance of the CaO/NaBr sorbents.

![SEM images of calcined CaO/NaBr: (a) after 20 and (b) 50 cycles.](ao0c00219_0012){#fig8}

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the SEM images of calcined dolomite after 20 and 50 cycles. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a, the dolomite had a lot of macropores after 20 cycles, but those pores were almost absent after 50 cycles ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b). The surface of sorbent particles was obviously melted, which caused the deterioration of the pore structure and hindered the capture of CO~2~ by the sorbent. The results showed that although the MgO in calcined dolomite could be used as a skeleton for CaO, it was useless for the formation and stability of the pores in the sorbent, so the CO~2~ capture ability of dolomite sorbent rapidly deteriorated after 20 cycles.

![SEM images of calcined dolomite: (a) after 20 and (b) 50 cycles.](ao0c00219_0013){#fig9}

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the SEM images of dolomite/NaBr after 20 and 50 cycles. The pore structure of the modified dolomite/NaBr sorbent after 20 cycles, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a was more abundant than that of the unmodified dolomite. According to [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b, the pore structure of dolomite/NaBr differed from that of dolomite after 50 cycles. There were still a lot of macropores in the dolomite/NaBr sorbent after 50 cycles. It indicated that the doped NaBr was also effective for the immobilization of macropores in the dolomite sorbent.

![SEM images of calcined dolomite/NaBr: (a) after 20 and (b) 50 cycles.](ao0c00219_0002){#fig10}

[Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"} shows the SEM images of pure SG-CaO after 20 and 50 cycles. As shown in [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, after 20 cycles, the sintering phenomenon of SG-CaO sorbent was not obvious, it still had abundant pore structure and the pore distribution was more uniform. After 50 cycles ([Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b), due to the pore blockage caused by the sintering of sorbent particles, caking was produced on the surface of SG-CaO particles. However, some pore structures and crystallization profiles remained unchanged, which was also consistent with the CO~2~ capture capacity.

![SEM images of calcined SG-CaO: (a) after 20 and (b)50 cycles.](ao0c00219_0003){#fig11}

However, after the doping of NaBr, the morphology changes of SG-CaO were different from those of dolomite sorbent. Compared with [Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a and [12](#fig12){ref-type="fig"}a, the crystalline sol--gel CaO became larger by NaBr after 20 cycles. The previous study showed that the larger the crystalline, the harder it was for the gas--solid diffusion.^[@ref56]^ Thus, the CO~2~ capture capacity of SG-CaO was higher than that of SG-CaO/NaBr. Comparing [Figures [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b and [12](#fig12){ref-type="fig"}b, the microstructure became further serious for the NaBr doped sorbent after 50 cycles. Most of the pores of SG-CaO/NaBr disappeared, and the crystalline experienced severe sintering after 50 cycles. It indicated that the NaBr doping had a negative effect on the pore structure of the SG-CaO.

![SEM images of calcined SG-CaO/NaBr: (a) after 20 and (b) 50 cycles.](ao0c00219_0004){#fig12}

3.4. Effect of SO~2~ on CO~2~ Capture Cycle Performance {#sec3.4}
-------------------------------------------------------

There is a certain amount of SO~2~ gas in the exhaust gas of coal-fired power plants, low-concentration SO~2~ reacts with CaO to produce CaSO~4~, CaSO~4~ is not easy to decompose at high temperature and causes the blockage of the pore of the sorbent,^[@ref57]^ so that studying the effect of SO~2~ on the circulating performance of the modified sorbent has certain reference significance for future research and practical application.

Effect of SO~2~ on CO~2~ capture performance of different sorbents is shown in [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"}. As can be seen from the figure, when SO~2~ was contained in the atmosphere, the CO~2~ capture of the sorbents decreased faster with the increase of cycles. For the pure CaCO~3~ and its NaBr-modified sorbent (CaO/NaBr), the CO~2~ capture capacity of the pure CaCO~3~ decreased rapidly with the number of cycles in the presence of SO~2~. The CO~2~ capture capacity of the CaO/NaBr sorbent was always higher than that of the pure CaCO~3~ from the third cycle. CaO almost completely lost the CO~2~ capture capacity after the 14th cycle, and the CO~2~ capture capacity of CaO/NaBr decreased to 0.02 g CO~2~/g sorbent.

![Effect of SO~2~ on the carbon capture performance of different sorbents (carbonation: 0.2% SO~2~ and 5% O~2~ balanced by CO~2~ for 20 min; calcination: 0.2% SO~2~, 5% O~2~, and 85% N~2~ balanced by CO~2~ for 10 min).](ao0c00219_0005){#fig13}

For dolomite and its NaBr-modified sorbent (dolomite/NaBr), during the 20 cycles, the CO~2~ capture capacity of dolomite decreased after the first carbonation reaction from 0.1 g CO~2~/g to 0.06 g CO~2~/g sorbent of the 20th carbonation reaction. But the CO~2~ capture capacity of the dolomite/NaBr remained quite stable in the long-term calcium looping processes: 0.14 g CO~2~/g and 0.06 g CO~2~/g sorbent during the 1st and 20th cycle, respectively. The doping of NaBr significantly improved the CO~2~ capture capacity of dolomite and pure CaCO~3~ in the presence of SO~2~.

For the pure SG-CaO and its NaBr-modified sorbent (SG-CaO/NaBr), the carbon capture capacity of the two sorbents was nearly consistent. NaBr had little effect on the sulfur capture performance of sorbents prepared by the sol--gel method. It was speculated that the instant combustion in a muffle furnace during the preparation of sol--gel method destroys the properties of NaBr.

4. Conclusions {#sec4}
==============

In this work, the effect of NaBr on the CO~2~ capture capacity of different types of calcium-based sorbents was studied at a severe carbonation temperature, and considering the possible presence of SO~2~ in the flue gas discharged from coal-fired power plants, the influence of sulfation on the cycling performance of modified sorbents was analyzed. This work has a certain reference value for future research and practical application. This study found that for the pure CaCO~3~ and dolomite sorbents, NaBr doping showed positive effects on the CO~2~ capture cycle performance, the modified sorbents exhibited relatively stable pore structure and had a little increase in specific surface areas during the long-term calcium looping processes. However, for the SG-CaO sorbent, NaBr doping showed negative effects on the CO~2~ capture cycle performance and the microstructure of the sorbents. The SG-CaO was composed of hollow nanosized powders, and it was invalid for sodium to contribute to the formation of the macropore-stabilized structure during high-temperature reactions. When SO~2~ was present, the modification effect of the NaBr on the two sorbents of CaO and dolomite was obvious, and the CO~2~ capture cycle performance of the sorbent was improved. Although the experimental conditions were different from the actual application, we infer that NaBr still has a very good modification effect on pure CaCO~3~ and dolomite in practical application. Therefore, it is suggested that the applicable scope of the sodium-doping method must be considered before it can be used for the modification of calcium-based sorbents.
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